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Introduction
Flood-basalt volcanism occurred in the U.S. Pacific Northwest between 17.5 and 6 Ma, when more than 300 basaltic lava flows of the Columbia River Basalt Group (CRBG) erupted from fissures in eastern Washington, eastern Oregon, and western Idaho ( fig. 1 ; Swanson et al. 1979) . These flood basalts cover more than 200,000 km 2 of the Pacific Northwest and have an estimated volume of more than 234,000 km 3 (Camp et al. 2003) . Although the eruptions span 12 m.yr., over 63% Manuscript received February 9, 2004; accepted September 7, 2004. of the Columbia River Basalt Group (Camp et al. 2003) was erupted in about 1-1.5 m.yr. during the Grande Ronde Basalt time (Swanson et al. 1979) . During this peak period of activity, many lava flows were of extraordinary size and traveled many hundreds of kilometers westward from linear vent systems. Some lava flows exceeded 5000 km 3 (Reidel et al. 1989b ) and covered over tens of thousands of square kilometers. They averaged about 30 m thick, but some reached a thickness of 100 m. These dimensions make the Grande Ronde Basalt lava flows among the largest known. fig. 1 ). Sentinel Bluffs Member "Flow Group" and "Flow" nomenclature is from Landon and Long (1989) . Variation of TiO 2 , MgO, and Ba are shown through the section. Analyses were done at the GeoAnalytical Laboratory at Washington State University and are given in Reidel and Valenta (2000) . Column to right of "Flow" shows Landon and Long's flow contacts (horizontal line) and location of vesicular horizons and flow-top breccia horizons. IVZ p vesicular zone of USDOE (1987) and Landon and Long (1989) . internal
The origin of the Columbia River Basalt Group has been investigated for several decades (e.g., Wright et al. 1973; Carlson 1984; Carlson and Hart 1988; Hooper and Hawkesworth 1993) , but most of this work used limited data sets concentrating on a few samples from selected flows. Detailed studies of individual flows were not attempted because of the size of and difficulty of distinguishing individual lava flows in the field and the assumption that the lava flows were relatively homogeneous. This was especially true for the Grande Ronde Basalt because of its overall narrow compositional range (Swanson et al. 1979; Reidel 1983; Reidel et al. 1989b; Hooper and Hawkesworth 1993; Hooper 2000) . The assumption that individual CRBG eruptions are entirely homogeneous, however, is proving to be incorrect (Reidel 1998 (Reidel , 2003 . The Cohassett flow of the Sentinel Bluffs Member, Grande Ronde Basalt, is a good example of a lava flow with a heterogeneous composition. At Sentinel Gap (fig. 2), where the flow was first described, the composition of the Cohassett flow is highly variable but appears to have a bilateral symmetry vertically through the flow, which is especially apparent in high-field-strength oxides such as TiO 2 .
This study was undertaken to examine the compositional heterogeneity of Sentinel Bluffs lava flows and especially the Cohassett flow. Shortly after the study had progressed, however, it became clear that the key to understanding the source of heterogeneity in the Cohassett flow lay in understanding the entire Sentinel Bluffs Member.
The Sentinel Bluffs Member
The Grande Ronde Basalt consists of nearly 150,000 km 3 of lava that was erupted in about 1-1.5 m.yr. (Swanson et al. 1979; Reidel et al. 1989b ). The Sentinel Bluffs Member is the youngest and one of the best-exposed members of the Grande Ronde Basalt. In addition to surface exposures, numerous cored boreholes provide a continuous record through these lava flows along with detailed stratigraphic section measurements; major-, minor-, and traceelement chemistry from surface and core samples; field-and laboratory-derived paleomagnetic data; and petrographic data, including microprobe analyses. Much of these data are presented in Reidel and Valenta (2000) . The Sentinel Bluffs lava flows were erupted from a northwest-trending linear vent system in the eastern part of the flood-basalt province at about 15.5 Ma (Swanson et al. 1979; Reidel et al. 1989b ) and covered more than 167,000 km 2 of the province (this study), eventually reaching the Pacific Ocean. Wright et al. (1973) and Swanson et al. (1979) originally described these lava flows as their "HighMgO, Lower Yakima type/Grande Ronde Basalt." They were later renamed the Sentinel Bluffs Member by Reidel et al. (1989b) when they subdivided the Grande Ronde Basalt. The type locality for the Sentinel Bluffs Member is at Sentinel Gap in the Saddle Mountains ( fig. 1 ), where seven flows (Landon and Long 1989; fig. 2) were erupted during the last major normal polarity interval (N2) of Grande Ronde Basalt time (Coe et al. 1978; Swanson et al. 1979) . Throughout most of the province, flows of the Sentinel Bluffs Member overlie either the Umtanum Member or Winter Water Member (Reidel et al. 1989b) , which are part of the "Low-MgO" Grande Ronde Basalt of Swanson et al. (1979) and have distinct compositional and paleomagnetic properties.
General Characteristics. Lava flows of the Sentinel Bluffs are fine-to medium-grained pahoehoelike flows that, as a whole, can be recognized in the field by several criteria. The Sentinel Bluffs Member underlies the Vantage Horizon, a hiatus in volcanic activity, and the distinct, plagioclasephyric lava flows of the Wanapum Basalt (Swanson et al. 1979) . Sentinel Bluffs Member flows have sparse, lath-shaped plagioclase microphenocrysts commonly 10 mm to 0.7 cm long, larger than in other flows of the N2 magnetostratigraphic unit. However, the overall physical similarity of Sentinel Bluffs lava flows makes it difficult to recognize individual flows in the field. Small, subequant to lath-shaped (0.05-0.2 mm) pyroxene grains and lath-shaped plagioclase grains (0.02-0.6 mm) are typically set in a glassy mesostasis (glassy interstices between grains include glass and tiny crystalline and/or glassy inclusions). Equant to cruciform or dendritic titaniferous magnetite grains are scattered throughout the rock but tend to be most common in glassy areas. Bladeshaped to equant ilmenite also occurs but is less common than magnetite. Olivine is rare in Sentinel Bluffs Member flows (Schiffman and Lofgren 1982; this study) .
Previous studies on the Sentinel Bluffs Member have concentrated on central Washington (e.g., Mackin 1961; USDOE 1987; Landon and Long 1989 ) and on west-central and western Oregon and Washington (e.g., Snavely et al. 1973; Nathan and Fruchter 1974; Beeson and Moran 1979; Beeson et al. 1989 ). Landon and Long (1989) subdivided the Sentinel Bluffs Member in the Pasco Basin ( fig. 1 ) into three packages of lava flows ( fig. 2) , mainly on the basis of stratigraphic position supplemented by composition and paleomagnetic inclination data; each package of flows was further subdivided into three to four individual flows, for a total of 10 flows. Landon and Long (1989) described the compositions of their stratigraphic units in terms of decreasing TiO 2 and FeO, and increasing K 2 O, Cr, and Th in younger flows. However, the overlap of compositions (as shown by one standard deviation of their means) did not permit unique identification of their stratigraphy; as a result, their stratigraphy has not been used beyond the Pasco Basin where, even there, it has been difficult to apply.
Laboratory-derived paleomagnetic data from the Sentinel Gap section and the nearby Umtanum section (Coe et al. 1978; Bogue and Coe 1981) indicate that the Sentinel Bluffs Member can be divided into two packets using inclinations. The flows from the base of Sentinel Bluffs Member to the top of Cohassett flow and locally the flow above ( fig. 2) In western Oregon, Beeson and coworkers (Beeson et al. 1989; Beeson and Tolan 1990 ) recognized one or two Sentinel Bluffs flows in the Willamette Valley and Oregon coastal area. They are similar to their counterparts east of the Cascade Range in that they have high MgO and are rarely to abundantly plagioclase phyric. Beeson et al. (1989) did not sub-divide the member, however, for the same reasons subdivisions were difficult east of the Cascades. Recent mapping in the Willamette Valley Beeson 1999, 2000) shows that only one 10-25-mthick Sentinel Bluffs lava flow occurs farther south of the Columbia River.
Intraflow structures are among the most regionally recognized features of the Sentinel Bluffs Member flows. The flows typically have a vesicular flow top, entablature and colonnade with internal zones, and sheets of vesicles (Waters 1961; Swanson et al. 1979) . The flows commonly have small columns of fine-grained basalt with typical fracture spacings of ∼10 cm that is called the entablature. Colonnades have fracture spacings of about 0.5-1 m. More than 50% of each lava flow is typically entablature, but this amount can reach as high as 70%. Throughout most of the province east of the Cascade Range, the flows have well-developed entablatures and colonnades, although in some areas, the entablature and colonnade are absent, giving way to jointing with a blocky appearance. Flow tops typically consist of thick zones of vesicles but flow-top breccias are not uncommon. However, at many localities throughout the province, it is difficult to distinguish contacts between individual flows because there are gradational changes from apparent flow tops into the massive basalt above.
In general, petrographic textures show a close correlation with intraflow textures (e.g., flow top, colonnade, and entablature). Flow tops are dominated by a glassy mesostasis. Colonnades have larger and more abundant crystals and less mesostasis compared with entablatures, which tend to have smaller crystals and abundant mesostasis (Long and Wood 1986) .
The Cohassett flow, however, is unique for Sentinel Bluffs Member lava flows. It is multitiered with alternating entablatures and colonnades and contains a pervasive internal vesicular zone that can be traced in outcrop and core throughout much of the Pasco Basin (McMillan et al. 1987 (McMillan et al. , 1989 . These features, however, have not been recognized beyond the Pasco Basin. The internal vesicular zone reaches its greatest thickness in a northeastsouthwest zone across the Pasco Basin but thins to the west and disappears to the southeast. McMillan et al. (1989) suggested that the internal vesicular zone is the result of the accumulation of upward migrating bubbles sequentially frozen-in by the passage of the upper solidification front following a two-stage process of bubble formation. They postulated that the initial stage was due to homogeneous nucleation of vapor driven by high oversaturation pressure in erupting lava. The second stage of bubble formation was initiated by postemplacement, heterogeneous nucleation of vapor driven by crystallization along the lower solidification front.
Chemical Composition.
Flows of the Sentinel Bluffs Member have a narrow composition range. The most significant feature is the high MgO content (4 wt% to 6 wt%, Wright et al. 1973; Swanson et al. 1979 ; table 1, available in the online edition of the Journal of Geology and also available from the Data Depository in the Journal of Geology office upon request; fig. 3 ) relative to most of the Grande Ronde Basalt. This study found that the chemical stratigraphy of the Sentinel Bluffs Member is more complex than Landon and Long (1989) initially described. At the Sentinel Gap stratigraphic section ( fig. 2 ), MgO and related compatible oxides have a general tendency to first increase in younger flows and then decrease; high fieldstrength elements such as Ti, P, V, and Zr decrease in younger flows. Large-ion lithophile elements such as K, Ba, and Rb are inversely correlated with MgO.
Superimposed on the general trends through the Sentinel Bluffs flows is a more complex pattern, which is especially prevalent in the Cohassett flow ( fig. 2 ). The top of the 74.5-m-thick Cohassett flow at Sentinel Gap ( fig. 2 ) is a flow-top breccia with massive basalt immediately below it. The massive basalt has several minor, thin vesicular horizons and several larger vesicular-vug horizons. The composition at the top of the massive zone is characterized by greater TiO 2 (12.0 wt%) and P 2 O 5 (10.40 wt%) concentrations, both of which decrease with depth to the internal vesicular zone. The internal vesicular zone occurs where the composition changes from the least TiO 2 and P 2 O 5 to an intermediate TiO 2 -P 2 O 5 composition. Below the intermediate TiO 2 -P 2 O 5 , each oxide decreases again and then progressively increases to concentrations equivalent to that at the top of the flow. Overall, the composition of the Cohassett flow appears to have a bilateral symmetry vertically through the flow centered just below the internal vesicular zone.
Compositional Variation in the Source Area
Because of the difficulty recognizing individual Sentinel Bluffs Member flows regionally, the first approach used to determine the nature and source of compositional variation in the Cohassett flow and other Sentinel Bluffs Member flows was to establish the stratigraphic sequence and identify dike-vent systems for individual flows. This approach allowed recognition of compositional vari- (Johnson et al. 1999 ) are shown as bars by 2 sigma.
ations in flows at their source and helped constrain variations inherent from the magma. Regional mapping established that the Sentinel Bluffs Member lava flows are well exposed in the northeast and southeast parts of the province and provide excellent locations to study the flows at their source areas.
Northeast Source Area.
Stratigraphy for the northeastern part of the province (Spokane area; fig.  1 ) was assembled from detailed mapping by Derkey et al. (1999 Derkey et al. ( , 2004a Derkey et al. ( , 2004b and Hamilton et al. (2004a Hamilton et al. ( , 2004b and from measured surface sections and continuous core as part of this study. Figure  3A (figs. 3, 4) . Samples from the upper and lower contacts have less TiO 2 and plot within the Stember Creek compositional field, named after exposures in southeast Washington described by Hooper and Gillespie (1996) . No distinct contacts separate the Stember Creek from the Spokane Falls, but there are small vesicular horizons. This flow is interpreted as initially erupting lava of Stember Creek composition, followed by a rapid change to Spokane Falls composition, which represents the bulk of the eruption. The absence of physical contacts and the presence of Stember Creek at the bottom and top of the flow are interpreted as injecting or inflating the original Stember Creek composition by the Spokane Falls composition. The original concept for inflation in CRBG flows was described by Self et al. (1996) and is similar to the process of invasive flows into sediments described by Byerly and Swanson (1978) .
Mapping in the Spokane area by Derkey et al. (1999 Derkey et al. ( , 2004a Derkey et al. ( , 2004b and Hamilton et al. (2004a Hamilton et al. ( , 2004b and this study have shown stratigraphic relationships similar to that found in the continuous core. At California Creek southeast of Spokane, a layer of sediment separates two flows. In the lower flow, Airway Heights and California Creek compositions occur as layers in one flow separated by a vesicular horizon. The flow above the sediment is of Spokane Falls composition, as is the case throughout most of the Spokane area. The Stember Creek composition was not observed there. The presence of a sedimentary layer separating the two flows suggests a hiatus between eruptions, but the length of hiatus is difficult to estimate because the lower flow burrowed into or invaded the sediment and actually may be older than both lava flows.
Southeast Source Area. Four compositional types are recognized in southeast Washington and northeast Oregon along the southern extent of the feeder dike swarm. The oldest is equivalent to the McCoy Canyon of USDOE (1987) and Landon and Long (1989) ; the name originally was applied to the oldest lava flow of the Sentinel Bluffs Member that occurred along Umtanum Ridge in the Pasco Basin. The McCoy Canyon compositional type has a greater TiO 2 content similar to that of the California Creek, but it has significantly less P 2 O 5 (fig. 3B); in southeast Washington it occurs as one to three flows (Hooper and Gillespie 1996) .
Stratigraphically above the McCoy Canyon is the Stember Creek compositional type. This compositional type occurs in a flow mapped and named by Hooper and Gillespie (1996) in the Lewiston Basin. The Stember Creek compositional type occurs as a distinct flow that can be recognized well beyond the Lewiston Basin. It has the least TiO 2 , P 2 O 5 , and incompatible elements of the Sentinel Bluffs Member ( fig. 3) .
Lava flows of the Stember Creek compositional type have a local compositional variant, based on the mapping by Hooper and Gillespie (1996) . Lava flows of the McCoy Canyon compositional type erupted from three north-to northwesttrending dikes that occur over a 15-km-wide portion of the Chief Joseph dike swarm ( fig. 1) . The Joseph volcanics, a series of vents in northern Oregon described by Kleck (1976) the Sentinel Bluffs Member east of the Cascade Range and are the principal Sentinel Bluffs Member flows west of the Cascades based on this study's examination of work by Murphy (1981) , Beeson (1999, 2000) , Evarts (2002) , Kleibacker (2002 ), A. Neim (pers. comm., 2003 ), and Eriksson (2003 . Lava flows with the McCoy Canyon compositional type have a well-developed colonnade and entablature east of the Cascade Range but tend to be blocky west of the Cascades. In the Rainbow Falls area (RF in fig. 1 fig. 1 ), where the compositions are found only as layers in flows. These compositional types are not found south of the Pasco Basin.
Near Spokane, flows having the California Creek and Airway Heights compositions have entablatures and colonnades. In the Pasco Basin, however, where the stratigraphic relationships are more complex, intraflow structures are more difficult to attribute to flows with those compositional types alone.
Stember Creek Compositional Type. Lava flows of the Stember Creek compositional type (Hooper and Gillespie 1996) erupted after the California Creek and Airway Heights types. Stember Creek lavas cover approximately 48,000 km 2 and have a total volume of almost 1200 km 3 ( fig. 1; table 2) . Flows of the Stember Creek compositional type erupted from two dikes separated by 10 km in the Chief Joseph dike swarm ( fig. 1 ).
Hooper and Gillespie (1996) identified a vent having the Stember Creek composition in the Lewiston Basin along the dike trend. The Stember Creek compositional type has been recognized as far west as the Columbia Gorge but, like the California Creek and Airway Heights compositional types, it occurs only as layers in flows in the Pasco Basin and central Washington. East of the Pasco Basin, the compositional type occurs in one to two flows, but there may be more in extreme southeast Washington (Hooper and Gillespie 1996) . In the eastern area near the Lewiston Basin, the Stember Creek lava flows generally have blocky joining, but farther west they developed an entablature and colonnade.
Spokane Falls Compositional Type. Lava flows of the Spokane Falls compositional type erupted after the Stember Creek and are the youngest Grande Ronde Basalt in northeastern Washington. The Spokane Falls compositional type has the least areal extent ( fig. 1 ) and the smallest volume, covering more than 43,000 km 2 with a volume of approximately 777 km 3 (table 2) . These lava flows occur in a trough from the Spokane area through the Pasco Basin area and as far west as the Columbia Gorge. In the Pasco Basin and central Washington, the Spokane Falls composition also occurs as a layer in flows.
Three dikes having the Spokane Falls compositional type have been recognized over a 10-km-wide portion of the Chief Joseph dike swarm, and an apparent vent occurs with the Stember Creek vent (Hooper and Gillespie 1996) . This type typically occurs in one to two flows but locally can include more. The flows have a well-developed entablature and colonnade except near the distal edges, where they commonly have blocky jointing. Museum Compositional Type. The Museum compositional type is the youngest of the Sentinel Bluffs Member. Mackin (1961) originally defined a Museum flow and designated its type locality at the Ginkgo Petrified Forest State Park north of the Saddle Mountains ( fig. 1) . The name was used by Landon and Long (1989) for the youngest group of flows of Sentinel Bluffs Member. Landon and Long's (1989) Levering, Rocky Coulee, and overlying flows ( fig. 2 ) are of the Museum compositional type. These are the steep paleomagnetic inclination group of Bogue and Coe (1981) .
Lava flows of the Museum compositional type cover approximately 64,000 km 2 with a total volume of about 2400 km 3 ( fig. 1; table 2 ). The Museum type has been recognized across the Columbia Basin and in the Columbia Gorge as far west as the Pacific Ocean. The flows of this type reach their greatest thickness in a narrow band that extends from the Pasco Basin to the Columbia Gorge.
Two dikes of the Museum compositional type have been recognized within a few tens of meters of each other in the Chief Joseph dike swarm. A northeast extension of this dike system is exposed along the Snake River near Lower Granite Dam. Here, silicic xenoliths are found in the dike. One to two flows of this type occur throughout the province, but there are as many as five at some localities (e.g., Pasco Basin). The flows have a well-developed entablature and colonnade east of the Cascade Range but, west of the Cascade Range, they often have blocky jointing.
Compositional Variation within the Flows
The compositional variations within Sentinel Bluffs Member flows are, for the most part, small in the eastern part of the province. However, in the central and western parts of the province, significant variations occur in the flows. The Cohassett flow appears to be the most heterogeneous, having several compositional types present as layers.
Flows of the McCoy Canyon Compositional Type.
Flows containing the McCoy Canyon compositional type have the greatest volume and largest areal extent of the Sentinel Bluffs Member. Overall, these flows have a well-defined compositional fig. 3 ). There is a general trend of decreasing TiO 2 concentrations with younger flows (figs. 6, 7). The compositional fields for McCoy Canyon and Spokane Falls fields overlap somewhat so that recognition is sometimes difficult, especially in distal areas. However, stratigraphically they are separated by the California Creek, Airway Heights, and Stem- fig. 6 , bottom), these compositions are present but with a low TiO 2 flow between two high TiO 2 flows. To the north, both high and low TiO 2 flows are present, but at the northern distal edges there are only the higher TiO 2 flows.
In the Pasco Basin, abrupt compositional changes occur in flows of the McCoy Canyon compositional type that are not associated with flow contacts. For example, the lowest flows in core hole DC-6 display both the higher and lower TiO 2 compositions that are observed to the east. The lower TiO 2 composition in the upper flow at Darcel is found as layers in the central portion of both flows in core hole DC-6. The higher TiO 2 composition occurs in the upper and lower parts of the flow. This pattern is similar to that described by Reidel and Fecht (1987) and Reidel (1998) for several Saddle Mountains Basalt flows (Umatilla and Asotin Members) and the Cohassett flow.
Compositional Variation in Flows of the Museum
Compositional Type. The Museum compositional type produced the second greatest volume of lava and has a relatively narrow range ( fig. 3) . However, the most extreme local variation observed in the Sentinel Bluffs Member occurs in the Museum in the Pasco Basin.
For example, in core hole DC-6, nearly adjacent samples vary between 1.65 and 1.9 wt% TiO 2 ( fig.  6, top) . The higher TiO 2 is in a vesicular horizon and plots close to or in the Airway Heights field; a similar composition has been observed in a Museum dike ( fig. 3C, (1) ). The lower TiO 2 compositions (and greater MgO) form the base of the flow and plot near the Stember Creek field. These lowTiO 2 , high-MgO compositions have not been observed in the dikes, but they have been observed in other field sections. Between the higher and lower TiO 2 compositions in DC-6 is an intermediate composition that cannot be derived by mixing the two extreme compositions or by simple fractional crystallization of common minerals. The lower TiO 2 and higher MgO composition is present from DC-14 to the McGee core hole and has been recognized in the Lewiston Basin vent area by Hooper and Gillespie (1996) . This suggests that perhaps one phase of the Museum magma erupted had a slightly different composition.
Compositional Variation in Flows of the California
Creek and Airway Heights Compositional Types. The California Creek and Airway Heights eruptions combined produced the third largest volume of lava and compositionally form two very tight clusters with no overlap observed.
In the Spokane area, two flows occur; one flow has California Creek composition and one has Airway Heights composition (fig. 4) . However, farther south, as at California Creek, and to the west and southwest (Pasco Basin), the compositions are no longer confined to separate flows but occur only as layers in the Cohassett flow.
Compositional Variation in Flows of the Stember Creek Compositional Type.
The Stember Creek compositional type produced the fourth greatest volume of lava; variation along the length of the flows having the Stember Creek compositional types is illustrated in figure 6 . From the dike and vent area to Rickman Gulch through Darcel ( fig. 6,  top) , the Stember Creek composition occurs in a single flow that can be easily recognized because of its uniform composition (see Rickman Gulch, fig. 6, top; Hooper and Gillespie 1996) . A single uniform flow of Stember Creek composition also occurs north of Sentinel Gap in sections along the Columbia River and in the Kittitas Basin. However, at the first cored borehole (DC-6, fig. 6 , top) west of Darcel through the McGee core hole, no flow can be classified as having exclusively the Stember Creek composition. The compositional type occurs as layers in the Cohassett flow over a large area including the type section for the Sentinel Bluffs Member ( fig. 2) where the Stember Creek composition occurs as the two layers having the lowest TiO 2 concentrations.
TiO 2 appears to vary slightly along the length of the flow. Samples from the western part of the province have lower TiO 2 than from the eastern part ( fig. 6 ). Analyses from the eastern part plot close to the Spokane Falls composition, suggesting that here, as at Spokane, the compositions become slightly more enriched in TiO 2 with time. either is very thin and was not sampled or is not present.
This same compositional pattern occurs in core holes from DC-14 to McGee that span over 50 km east to west across the Pasco Basin and north 40 km to the Sentinel Gap section ( fig. 2) at the north side of the Pasco Basin. Compositions in the flow progressively change from California Creek at the top and bottom, to Airway Heights, then to Stember Creek, and then to Spokane Falls at the center of the flow. This gives the Cohassett composition a bilateral symmetry. Vesicular horizons or zones of vugs separate the compositional types in the upper part of the flow but not in the lower part of the flow.
The internal vesicular zone persists across the Pasco Basin and north (e.g., fig. 2 ), but it is much thinner north of core hole DC-14 ( fig. 7 , core hole DH-4 top of Spokane Falls) and south of DC-6 (core holes DC-15 and DDH-3). In addition, south of DC-6 the California Creek composition is nearly gone, West of the Pasco Basin, the Sentinel Bluffs Member lava flows appear to be even more complex. At White Salmon (fig. 6, bottom) , there is a compositional zonation from McCoy Canyon to Spokane Falls to Stember Creek then back to Spokane Falls. The Museum compositional type overlies these layers and has an intercalated layer of a more TiO 2 -P 2 O 5 -rich variant similar to the Airway Heights composition. This Museum variant has also been seen in its dikes ( fig. 3C, (1) ). Thin, subtle, vesicular horizons mark the changes from one composition type to the next; these vesicular horizons are gradational between the massive basalt containing the different compositions. Most significantly, the McCoy Canyon composition is now present as layers in a lava flow that contains layers of Stember Creek and Spokane Falls compositions.
Exposures southwest of the Pasco Basin show that flows having Stember Creek and/or the Spokane Falls compositions and Museum compositions overlie the McCoy Canyon unit as individual flows and not as layers within a flow. Flows of California Creek and Airway Heights compositions did not advance this far.
Discussion
Dikes and Vents. Feeder dikes for four of the six Sentinel Bluffs compositional types are exposed in the deep canyons of southeast Washington and northeast Oregon. Only the California Creek and Airway Heights compositional types have no known feeder dikes, mainly because they erupted in the northeast part of the province where there are no deep canyons to expose them.
Sentinel Bluffs feeder dikes are defined by their unique compositional types. The oldest, the McCoy Canyon compositional type, has three northnorthwest-trending dikes exposed in the Grande Ronde and Joseph canyons. The youngest three compositional types all have exposed feeder dikes. There are two north-northwest-trending Stember Creek feeder dikes, three north-northwest-trending Spokane Falls feeder dikes, and two north-northwest-trending Museum feeder dikes.
Three of the compositional types have vents exposed at the surface. Kleck's (1976) Joseph volcanics are of the McCoy Canyon compositional type and are exposed along the dike trend in northern Oregon. Hooper and Gillespie (1996) mapped the Stember Creek and Spokane Falls vent complexes in the Lewiston Basin and lava flows being fed by the Stember Creek vent system. Lava Flows. Each of the six compositional types occurs as individual lava flows in eastern Washington and Oregon ( fig. 1 ). There the lava flows are very homogeneous and dominated by one compositional type. Compositional type is one of the important factors that allow the Sentinel Bluffs lava flows to be mapped in the field.
To the west, the simple stratigraphy of eastern Washington and Oregon gives way to individual lava flows that are more complex. 
Model for Compositional Variation in Sentinel Bluffs Lava Flows
Sentinel Bluffs lava flows show the least compositional heterogeneity near the feeder dikes and vents in the eastern part of the province, but their heterogeneity increases westward. In the Pasco Basin, all lava flows show a greater degree of heterogeneity than seen near the dikes and vents, but the greatest compositional heterogeneity occurs in the Cohassett flow. The composition of the Cohassett flow must be described using as many as four compositional types. Any model that is called upon to explain the compositional heterogeneity of Sentinel Bluffs Member lava flows must explain the compositional homogeneity of the dikes, vents, and flows in the eastern part of the province, and the intermingling of the compositional types as layers in individual flows west of the vent area.
Inflation Model.
The simplest explanation for compositional layering in a single lava flow is to sequentially inject different compositional types into the flow over a period of time. All composi-tional types had to have formed prior to eruption, as shown by the flows and dikes erupting individual compositional types in eastern Washington. The inflation model for CRBG flows proposed by Self et al. (1996 Self et al. ( , 1997 and Thordarson and Self (1998) provides the best model to accomplish this compositional layering. Reidel and Fecht (1987) suggested injection of different lava compositions into one flow to explain a similar pattern of compositional variation observed in the Asotin Member; in another work (Reidel 1998) , I suggested the same mechanism to explain the compositional zonation in the Umatilla Member. Both studies showed that the compositional layering in those flows was supplied by several different eruptions from vents in eastern Washington and western Idaho. Lava flows with different compositions erupted and flowed westward down a paleoslope and filled the then-evolving Pasco Basin. Upon reaching the Pasco Basin, lava from each eruption injected into and mixed with lava from nearly simultaneous eruptions to form the layered flows.
The sequence of compositional layers in the Cohassett flow occurs on a much larger scale than the Asotin and Umatilla Members and suggests that as many as four regional flows with distinct compositions erupted from vents in eastern Washington and Oregon at about the same time. Lava from each eruption injected into and then inflated the previous one(s). The final eruption and injection that produced the Spokane Falls compositional type marked the end of the Cohassett episode. Either vesicular horizons or vug horizons bound each compositional type through the upper part of the Cohassett. Where two compositional types come into contact, a mixture of the two compositional types forms at that contact. Minor fractional crystallization (less than several percent) further modified the compositions in places. Walker et al. (1999) described similar layering of vesicular horizons in Landon and Long's (1989) Birkett flow ( fig. 2 ; McCoy Canyon compositional type of this study) at Sentinel Gap, which they interpreted as evidence for cyclical injection of lava during the growth of the flow-top crust accompanied by endogenous growth of the flow. Observations from this study are consistent with those of Walker et al. (1999) ; however, this study presents evidence to show that the cyclical injections in the Cohassett flow are actually related to different eruptions or pulses of different eruptions originating from the vent area several hundred kilometers farther east.
One problem with a multiple-injection model is the way each pulse of lava inflates the previous ones to form the flow. After the first lava was emplaced, each new lava flow would have had to erupt shortly after the previous one, eventually invade it, and then continue to inflate the flow. Because of the grossly similar physical properties of these lavas, this presents a problem understanding how this could happen. One potential solution to this dilemma may come from recent work on active lava flows in Hawaii. Kauahikaua et al. (1998) fig. 4) .
Emplacement of the Cohassett Flow. The Cohassett flow, as defined by the layered compositional types that occur in it, formed in the Pasco Basin area and not at the vent area 200 km farther east. The eastern margin of the Pasco Basin occurs at the suture zone between the North American craton and the accreted terranes (Reidel et al. 1989a (Reidel et al. , 1992 (Reidel et al. , 1994 and was subsiding relative to the craton during the eruption of the Grande Ronde Basalt. The Hog Ranch-Naneum Ridge anticline is the western structural boundary of the Pasco Basin and forced lava flows to pond in the basin. The anticline now forms a low-amplitude, north-south barrier along the western margin of the Cohassett flow. Erupting Grande Ronde Basalt lava flows ponded here until they were able to overcome the structural topography and continue to flow westward (Reidel et al. 1989a (Reidel et al. , 1994 .
After the arrival of a flow having the California Creek composition, a flow with Airway Heights composition began to inflate the still mainly liquid California Creek flow. This accounts for California Creek compositions at the base and top of the Cohassett flow. If the Airway Heights erupted immediately after the California Creek, the flow could simply follow the California Creek flow down the paleoslope and inflate it. This would be equivalent to a continuing eruption with a very rapid compositional change. In either case, the rapid change in compositions with depth along with field relations indicates little to no basalt had solidified and, thus, implies rapid eruption and emplacement.
The California Creek and Airway Heights, however, also form separate flows in the vent area as well as layered flows (fig. 4) . Therefore, an alternate interpretation is that the Airway Heights flow could have flowed out on top of the California Creek, as suggested in the Cheney core, and flowed down the paleoslope. In this scenario, the short time between eruptions would not have allowed the California Creek to develop a thick flow top, as shown by exposures in the Spokane area. The Airway Heights flow could simply begin to erode through the thin, hot crust and still largely liquid California Creek lava as it flowed down the paleoslope in a manner similar to that observed by Kauahikaua et al. (1998) in Hawaiian lava tubes. After the thin crust had been eroded, the Airway Heights lava could have continued to thermally and mechanically erode or displace the liquid California Creek lava and eventually invade the liquid California Creek lava. This alternative also implies rapid eruption and emplacement.
The second phase of inflation began with the Stember Creek composition and the Spokane Falls composition. There is no doubt that the Stember Creek-Spokane Falls compositions were erupted nearly simultaneously but from different, very closely spaced dikes. Probably the mechanisms for injection and inflation were similar to that suggested for the California Creek and Airway Heights. The only difference is that the Spokane Falls flow, the last one erupted, appears to have been unusually gas charged, so as it inflated the Cohassett flow, it formed the internal vesicular zone as gas was liberated from the lava along the contact with the overlying Stember Creek composition.
In the northern and western Columbia Basin, the Stember Creek and Spokane Falls compositional types also occur as separate flows, even though they erupted nearly simultaneously. This suggests that at least some part of the linear vent system was erupting each compositional type as separate lava flows.
The Stember Creek-Spokane Falls and California (Cross and Fairchild 1987) . Like all Columbia River Basalt Group flows, the mesostasis is more abundant in the flow top and entablature and is indicative of quenching (Long and Wood 1986) . However, basalt in the prominent internal vesicular zone and about 10 m immediately below it, which consists of the Spokane Falls composition, has a higher mesostasis content similar to a normal flow top and entablature. This was also observed in surface exposures (Cross and Fairchild 1987) ; the internal vesicular zone marks the contact between a normal flow top-entablature-colonnade above and the internal vesicular zone-entablature-colonnade sequence below (Cross and Fairchild 1987; McMillan et al. 1989) . This suggests that the internal vesicular zone of the Cohassett flow and approximately 10 m of basalt below were quenched relative to the basalt above and below it. This is consistent with rapid inflation and quenching of the Spokane Falls lava as it injected into the cooling Cohassett flow, rather than a continuous eruption of California Creek-Airway Heights-Stember CreekSpokane Falls compositional types.
Stratigraphic Implications. Flood-basalt nomenclature and, consequently, the ability to distinguish separate eruptions from continuous eruptions are proving to be more complex than previously believed. Based on this study, the Cohassett flow and the informal nomenclature of Landon and Long (1989) need to be revised. One thing is clear. There are distinct compositional types that represent distinct eruptions from dikes and vents that produced Figure 9 . Revised stratigraphic nomenclature for the Sentinel Bluffs Member, Grande Ronde Basalt, Columbia River Basalt Group, based on this study. Sentinel Bluffs Member "Flow Group" and "Flow" nomenclature is from Landon and Long (1989) . Correlation lines between Landon and Long's (1989) stratigraphic nomenclature and this study's show relationship between the two. flows of regional extent. Using compositional types proposed in this article as the stratigraphic nomenclature for the Sentinel Bluffs Member will allow recognition of this stratigraphy over the floodbasalt province. The compositional types are merely one diagnostic property of these flows and, thus, do not violate the stratigraphic code. Problems will still remain due to the interlayering of the compositions and how to name them. As part of this article, the author suggests that Landon and Long's (1989) nomenclature be revised or abandoned and the names of the six compositional types be applied to flows of the Sentinel Bluffs Member. The revised nomenclature ( fig. 9 ) would then consist of the basalt of McCoy Canyon, the basalt of California Creek, the basalt of Airway Heights, the basalt of Stember Creek, the basalt of Spokane Falls, and the basalt of Museum. The type localities and reference localities are the localities designated in this article.
Conclusions
The end of Grande Ronde Basalt volcanism is marked by the eruption of six compositionally distinct lava flows that form the Sentinel Bluffs Member. Collectively, the lava flows cover more than 169,700 km 2 and consist of more than 10,000 km 3 of basalt, making them among the largest known basaltic lava flows on Earth. The first eruption produced the most voluminous, containing more than 4000 km 3 of basalt, and the volumes produced by later eruptions declined until the final eruption, which produced the second-largest volume of basalt.
Lava flows of the Sentinel Bluffs Member are relatively homogeneous near the source area, but compositional variations within individual lava flows increase farther west, both vertically and over their areal extents. The Cohassett flow has the greatest compositional variation of all Sentinel Bluffs flows but does not have a distinct vent or feeder dike. It formed as lava from four eruptions combined to sequentially inject and inflate the first and make the new lava flow having only a local extent. The compositions of the original lava flows remained intact except for slight mixing where they came in contact. Thin vesicular horizons separate the compositional layers in the upper part, except for a thick, prominent vesicular horizon called the interior vesicular zone. This vesicular horizon marks the boundary between lava of the last two eruptions to form the Cohassett and is consistent with the volatile-rich nature of the Spokane Falls compositional type. The compositional types and the field relations are best explained by rapid changes in magma composition feeding the flows and rapid eruption and emplacement of the lavas. 
